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Abstract 
We have developed a technique to tune the carrier density in graphene 
using a lithium-ion-based solid electrolyte. We demonstrate that the solid 
electrolyte can be used as both a substrate to support graphene and a back 
gate. It can induce a change in the carrier density as large as 1×1014 cm−2，
which is much larger than that induced with oxide-film dielectrics, and it 
is comparable with that induced by liquid electrolytes. Gate modulation 
of the carrier density is still visible at 150 K, which is lower than the glass 
transition temperature of most liquid gating electrolytes.  
 
Introduction 
The electronic properties of many materials strongly depend on their 
carrier density. In recent years, a technique called “liquid gating” has 
been widely used in materials research and development of flexible 
electronics
1-3
. It uses an ionic liquid or a polymer ion gel as a functional 
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material to tune the carrier density in solid samples. The liquid electrolyte 
forms an electric double layer (EDL) at the solid-liquid interface, which 
consists of an image charge layer on the solid surface and a counterion 
layer in the liquid electrolyte. Because of the small separation between 
the two layers (0.3–0.5 nm), the EDL has a very large capacitance. It can 
induce a huge surface carrier density change of greater than 10
14
 cm
-2
, 
which is at least two orders of magnitude greater than that induced with 
oxide-film dielectrics. The liquid gating technique has been successfully 
applied in the study of novel field-effect transistors
4-6
 and 
superconductor–insulator transitions7-11. It has led to many exciting 
discoveries such as two-dimensional Ising superconductivity and gate 
modulation of the charge density wave
12-17
. However, the liquid gating 
technique has some drawbacks. The liquid nature of the electrolyte means 
that it is not compatible with most existing surface-probe techniques. 
Many liquid electrolytes are sensitive to the humidity in the environment, 
which degrades the performance of the liquid electrolyte. The sample in 
direct contact with the liquid electrolyte can also be damaged by the 
stress from the frozen electrolyte at low temperatures. Solid electrolytes 
can be used to overcome these drawbacks. It has been reported that a 
microporous SiO2 thin film can be used to make a proton gate
18,19
. 
However，the proton-gating technique is very sensitive to the humidity in 
the environment. In addition, its performance in tuning the carrier density 
is still inferior to that of ionic liquids/polymer electrolytes. Fortunately a 
wide range of solid electrolytes were developed for battery research
20-22
 
and some of them can be suitable for the gating application. In this report, 
we demonstrate the potential of the lithium-ion-based solid electrolyte 
gating technique using single/few-layer graphene as a model system. We 
show that a lithium-ion conductive glass-ceramic (LICGC) can be used as 
both a substrate to support the graphene sample and a back gate to tune 
the carrier density. We demonstrate that the LICGC solid electrolyte can 
induce a change in the carrier density as large as 1 × 10
14
 cm
−2
, which is 
much larger than that induced by oxide dielectrics and comparable with 
that induced by liquid electrolytes. Additionally, the LICGC solid 
electrolyte can tune the carrier density in graphene samples at 
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temperatures as low as 150 K, which is much lower than the glass 
transition temperature of most ionic liquid/polymer electrolytes.  
Sample preparation 
Single-layer graphene samples were initially grown on copper substrates 
by the chemical vapour deposition (CVD) technique. The growth details 
can be found in our previous paper
23
. The LICGC substrates (OHARA 
Inc., Sagamihara-shi, Japan), were cut into 5mm pieces using a dicing 
saw. Before the transfer of graphene, the LICGC substrates were rinsed in 
acetone and isopropanol, and then blow-dried with nitrogen. The 
single-layer graphene samples was transferred onto the LICGC substrates 
using the wet transfer method
24
. Figure 1a shows the steps of the wet 
transfer process. The typical size of the single-layer graphene samples 
was 3 mm × 4 mm. A 250-nm-thick Poly(methyl methacrylate) (PMMA) 
layer was first spin-coated on top of the graphene. The graphene/PMMA 
layer was detached from the copper substrate by using 10 wt. % FeCl3 
solution in deionized water. The floating graphene/PMMA layer was then 
transferred onto the LICGC substrate, and the PMMA layer was removed 
with acetone. The samples were then annealed in a hydrogen–argon 
atmosphere for 7 h. The electrical contacts to graphene were made from 
indium pellets. The few-layer graphene samples were mechanically 
exfoliated from highly oriented pyrolytic graphite onto the LICGC 
substrate using the well-known tape method. The exfoliated few-layer 
graphene were typically tens of micrometers in size. The standard e-beam 
lithography technique was used to pattern Ti/Au (5 nm/55 nm) 
microelectrodes. Figure 1b shows the steps of the patterning. The gate 
voltage was applied to the backside of the LICGC substrates using 
conductive silver paint.  
Results 
Surface roughness of the LICGC substrate 
We used an atomic force microscope (AFM) to investigate the surface 
roughness of the LICGC substrate. Figure 2a shows an AFM topography 
image of a randomly selected area on the LICGC substrate. The measured 
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average roughness is approximately 1.1 nm, which is similar to the 
surface roughness of the usual Si/SiO2 substrate. The geometrical 
capacitance of the EDL is given by Cg = se0/d, where se, 0, and d are 
the relative permittivity of the solid electrolyte, the vacuum permittivity, 
and the spacing of the EDL. Because Cg is inversely proportional to the 
spacing between the double layer, a large surface roughness may increase 
the local spacing of the EDL and thus reduce its geometrical capacitance. 
As we will show below, although not atomically flat, the LICGC 
substrate can create a considerable gating effect. Solid electrolytes with 
smaller surface roughness are always preferred. A solid electrolyte with 
an atomically flat surface is ideal to form a homogenous EDL, and also 
crucial for direct thin-film growth on solid electrolyte substrates using 
advanced thin-film growth technique such as molecular beam epitaxy 
(MBE), because it can give a clean and lattice-matched (with a right 
choice to material to grow) interface between the solid electrolyte 
substrate and the thin-film material..  
Tuning the carrier density in single/few-layer graphene 
We first demonstrate the gating effect of the solid electrolyte on 
single-layer graphene. Figure 2b shows the variation of the graphene 
sample resistance when sweeping the back gate voltage at room 
temperature. The inset shows a schematic diagram of the device geometry. 
The tuning of the carrier density can be considered as the 
charging/discharging process of a RC circuit. A double layer capacitor 
forms at the graphene/LICGC interface. RGr, and RSE are the resistance of 
the graphene sample and the LICGC substrate. Ri is the interfacial 
resistance between the LICGC substrate and the silver paint, estimated to 
be greater than hundreds of megohms. By contrast, the resistance between 
the gold electrode and the liquid electrolyte, estimated from our own 
experiences, is in the megohm range. The ionic conductivity of LICGC is 
approximately 0.1 mS cm
-1
 at room temperature, which is also one order 
of magnitude lower than that of DEME-BF4 (a widely used ionic liquid)
25
. 
The large resistance in the RC circuit will lead to a long time constant.   
To minimize the gate sweep hysteresis, we chose to sweep the back gate 
voltage at a relatively slow speed (0.05–0.2 mV s−1). As shown in Fig. 2b, 
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the two resistance peaks in positive and negative gate sweeping are close 
to each other, suggesting a weak gate sweep hysteresis at room 
temperature.  
To quantize the gate tuning capability of the solid electrolyte, we 
measured the carrier density change for a series of single- and few-layer 
graphene samples. The single-layer graphene covered a large portion of 
the LICGC substrate. The measurement for these samples gave an 
average gating effect of the solid electrolyte. The few-layer graphene 
samples had sizes on the micrometer scale. The gating effect on these 
small samples was more affected by the local surface roughness of the 
LICGC substrates. In both situations, we found that the LICGC substrate 
can realize considerable carrier density tuning. Figure 3a shows the 
variation of the resistance of a typical single-layer graphene sample with 
the back gate voltage. Figure 3b and 3c show the Hall coefficient and 
carrier density of the same sample measured at specific back gate 
voltages. Figure 3d–3f show similar measurements of a micro-fabricated 
few-layer graphene sample. The small resistance discontinuity in Fig. 3a 
and 3d is caused by the delayed (de)accumulation of Li ions at the 
LICGC/graphene interface due to the long RC time constant. We 
performed Hall measurements at each specific back gate voltage. The 
Hall measurements usually lasted 2h, during which time the electrical 
double layer capacitor was still in the process of charging or discharging, 
which led to discontinuity in the resistance (R) versus gate voltage (Vg) 
curves. Similar resistance discontinuity has been observed in liquid gating 
experiments
15
, and more detailed experimental evidence of the delayed 
(de)accumulation of Li ions is given in the Supplementary Information. 
The single and few-layer graphene samples all showed clear bipolar 
behaviour. The sign changes of the Hall coefficients indicate that the 
Fermi level was tuned across the Dirac point. We observed a net electron 
injection (compared with the value at zero gate voltage) of approximately 
5.0 × 10
13
 cm
−2
  in the wet transferred single-layer graphene sample, and 
approximately 1.0 × 10
14
 cm
−2
 in the exfoliated few-layer graphene 
sample. The observed gate tuning capability of LICGC on graphene is 
similar to the reported value for EMIM-BF4 (1.0 × 10
14
 cm
−2
), and 
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slightly smaller than that reported for DEME-TFSI (2.5 × 10
14
 cm
−2
); 
which are both commonly used ionic liquid gating electrolytes
26
.  
Temperature dependence of the performance of the LICGC solid 
electrolyte  
We investigated how the performance of the LICGC solid electrolyte 
varies with temperature. All liquid electrolytes have a specific 
glass-transition temperature, below which ion movement in the 
electrolytes is frozen and the electrostatic gate tuning ability is lost. To 
make a comparison with the liquid gating technique, we carried out back 
gate voltage sweeping experiments at various temperatures. Figure 4 
shows the R versus Vg curves for five macroscopic single-layer graphene 
samples. These samples were cut from neighbouring areas on a large 
graphene sheet grown on the copper substrate. In these samples, the 
initial positions of the Dirac point should be similar. Gate modulation of 
the resistance is visible in all of the samples except for the one measured 
at 100K. This suggests that the Li ions are still displaceable at a 
temperature as low as 150 K, which is lower than the glass transition 
temperature of most known ionic liquids. We also found that the 
resistance peak shifted towards higher gate voltage as the temperature 
decreased, and the width of the resistance peaks became wider. This 
behaviour can be attributed to two possible reasons. First, because the 
gate tuning of the carrier density in graphene can be viewed as a 
charging/discharging process of the EDL capacitor, the RC time constant 
determines how fast the carrier density change occurs. The ionic 
conductivity of solid electrolytes follows Arrhenius law and decayed 
exponentially with temperature, which leads to increased resistance of the 
solid electrolyte. The interfacial resistance between LICGC substrate and 
the silver paint can also become greater at low temperature. The longer 
RC time constant leads to slower carrier density modulation. Second, at 
low temperatures, a high gate voltage is required to overcome the energy 
barrier for Li ions to approach the LICGC–graphene interface. Assuming 
that only the RC time constant affects the gate tuning behaviour, we 
expect that all of the resistance peaks should appear below a common 
voltage threshold after a sufficiently long time. However, we found the 
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opposite case in the experiments: at low temperature, the resistance peak 
did not appear even after a long time unless we moved to a higher gate 
voltage. We thus believe that the combination of both effects results in the 
shift and widening of the graphene resistance peak. Detailed experimental 
evidence is given in the Supplementary Information. 
Discussion 
The results described above prove the concept of using solid electrolytes 
to tune the carrier density in thin-film samples. Because solid electrolytes 
are widely used in the research of Li-ion batteries and fuel cells, there is a 
long list of available materials that can be used to perform electrostatic 
gating. In the following paragraph, we will discuss the criteria for 
selecting a solid electrolyte for electrostatic gating.  
It is essential to reduce the serial resistance in the RC circuit model to get 
a smaller RC time constant so that the carrier density change in the 
sample can keep up with the applied gate voltage. The interfacial 
resistance between the solid electrolyte and the gate electrode should be 
reduced, and the solid electrolytes with higher ionic conductivity are 
highly desired. The interfacial resistance is an active research field in 
Li-ion battery, which depends strongly on the material choices of solid 
electrolytes and cathode/anode electrodes
27
. The detailed discussion of 
the interfacial resistance is beyond the scope of this paper. In solid 
electrolytes, the ionic conductivity originates from defects, such as lattice 
vacancies and dopants occupying interstitial sites. Ions can hop between 
neighbouring defects. The ionic conductivity  can be expressed as = 
nZe, where n is the number of ions per unit volume, Ze is the charge of 
the ions, and  is the ion mobility. As previously mentioned, the mobility 
follows the Arrhenius law and it exponentially decreases with decreasing 
temperature. Most solid electrolytes used in Li-ion battery research are 
good candidates for room temperature electrostatic gating, while the solid 
oxide electrolytes used in fuel cells usually only work at high 
temperatures. The LICGC substrate used in this study has an ionic 
conductivity of the order of 10
−4
 S cm
−1
 at room temperature. Other 
electrolytes containing Li ions can reach of the order of 10
−3
 S cm
−1
. By 
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contrast, the ionic conductivity of organic liquid electrolytes is generally 
in the order of 10
−2
 S cm
−1
. Materials with higher ionic conductivity are 
always favorable. Recently, new lithium solid electrolytes with high ionic 
conductivities have been reported, such as Li10GeP2S12, which exhibits 
ionic conductivity higher than 10
−2
 S cm
−1
 at room temperature. These 
materials are worthy of further investigation. 
The second factor that needs to be taken into account is the surface 
roughness. As solid electrolytes are used as the substrate to support 
thin-film samples, a flat substrate surface is required. LICGC is one of the 
few commercially available solid electrolytes with a polished surface. To 
further improve this technique, a solid electrolyte with an atomically flat 
surface is highly desired. Such solid electrolytes may form a 
homogeneous EDL with large geometrical capacitance, which can 
enhance the electrostatic gating effect. Furthermore, a solid electrolyte 
with an atomically flat surface is an ideal substrate for advanced thin-film 
growth techniques such as MBE. It can create a much cleaner interface 
between the solid electrolyte and the thin-film sample compared with the 
interface made by transferring thin-film samples to the surface of a solid 
electrolyte. Although most of the solid electrolytes developed for energy 
storage research are in ceramic or polycrystalline forms, there are some 
single-crystal solid electrolytes, such as potassium-doped β-alumina. This 
will be important to advance the solid electrolyte gating technique. 
Some other factors should be considered. The chemical stability under 
ambient conditions is important for practical applications. LICGC is a 
good material in this sense because it is not sensitive to humidity, unlike 
many ionic liquids. Solid electrolytes with high electrochemical 
decomposition potentials are also preferable so that large gate voltages 
can be applied. Using LICGC as the back gate, the gate voltage is limited 
between −2 and 3.5 V. We also attempted to apply higher gate voltages. 
As shown in the Supplementary Information, a higher negative gate 
voltage led to an increase of the graphene sample resistance. We observed 
such behaviour in both single-layer graphene samples with indium pellet 
contacts and few-layer graphene samples with Ti–Au electrode contacts. 
In contrast, applying a high positive back gate voltage of up to 40 V did 
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not cause a significant increase of the sample resistance. However, as 
shown in Fig. 3b, the electron density measured in other single- or 
few-layer graphene samples saturated at a high positive gate voltage. 
Similar behaviour has been reported for Bi2Te3 gated with an ionic liquid
5
, 
and it was attributed to the limitation of the chemical window of the ionic 
liquid. The performance of the LICGC solid electrolyte at high 
positive/negative gate voltages is also probably related to the restriction 
of the electrochemical window. This is still under investigation.  
In summary, we have discussed the advantages of the LICGC solid 
electrolyte gating technique over the existing liquid gating technique. The 
LICGC solid electrolyte can serve as both the substrate to support the 
sample and the back gate. It can achieve a similar carrier density tuning 
ability to liquid electrolytes, while maintaining an uncovered sample 
surface. Therefore, it provides the possibility of combining the 
electrostatic carrier density tuning technique with other surface-probe 
techniques. The combination of these techniques will be very useful, for 
example, to monitor evolution of the Fermi level by continuously tuning 
the carrier density in superconducting materials. LICGC substrates 
provide a strong and full solid-state gate tuning capability, making them 
more suitable for practical applications than liquid electrolytes. A sample 
fabricated on top of a LICGC substrate will also not suffer from problems 
that may be encountered in liquid gating, such as damage caused by the 
stress created during the freezing of the liquid electrolyte. All of these 
advantages make solid electrolyte gating a promising technique for future 
applications. 
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Figure legends: 
Figure 1: (a) Schematic diagram of the wet transfer of single-layer 
graphene from Cu substrate to LICGC substrate.  (b) Schematic diagram 
of patterning metal electrodes on few-layer graphene exfoliated onto the 
LICGC substrate.  
Figure 2: (a) The AFM image of a LICGC substrate, the average 
roughness is approximately 1.1 nm.  (b) The bipolar behavior of a 
typical single-layer graphene sample measured at room temperature. Inset: 
schematic view of the device geometry.  
Figure 3: The resistance (a), Hall coefficient (b) and carrier density (c) of 
a single-layer graphene sample as a function of the back gate voltage 
measured at room temperature. (d) – (f) similar measurement results of a 
micrometer-sized few-layer graphene sample. 
Figure 4: The gate dependence of five single-layer graphene samples; 
each measured at a specific temperature. Li ions are displaceable even at 
a temperature as low as 150K.  
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Fig. S1 
 
We carried out two experiments to demonstrate the evolution of Li-ions 
accumulation at the LICGC–graphene interface and the decline of the 
performance of the LICGC substrate in tuning the carrier density at low 
temperature. We used newly grown single-layer graphene whose 
resistance peak appear near 1.5 V (gate voltage sweep rate ~ 0.05 mV s
-1
) 
at room temperature. Figure S1a shows the evolution the graphene 
resistance with time and applied gate voltage at room temperature. We 
swept the gate voltage from 0 to 2 V, as shown by the curve in red. We 
found that the resistance peak appeared near 1.5 V. We kept the back gate 
voltage at 2 V and recorded the change of the sample resistance with time, 
shown by the curve in blue. The resistance of the sample continued to 
drop, suggesting that the double layer capacitor was being charged. This 
is due to the long RC time constant. It explains the resistance 
discontinuity in Fig. 3a and 3d in the main text. Figure S1b shows similar 
measurements performed at 200 K. The gate voltage was first swept from 
0 to 2 V. The resistance peak did not appear near 1.5V.  If the only 
change at low temperature had been the enlarged RC time constant, we 
would expect that the resistance peak appear after a sufficiently long time. 
However, the resistance saturated after 10 hours. The resistance peak 
finally appeared after we swept the gate voltage to 3 V. This experiment 
suggests that the LICGC substrate shows weaker performance when used 
to tune the carrier density at low temperature. It loses completely the 
ability to tune the carrier density below 100 K, as shown in Fig. 4 in the 
main text. The possible explanation is that a higher back gate voltage may 
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be required to overcome the energy barrier encountered by lithium ions 
moving toward the LICGC–graphene interface at low temperature.   
Fig. S2 
 
 
 
We also tried to apply high back gate voltage to investigate the 
performance of the LICGC solid electrolyte in such condition. We found 
that high positive gate voltage did not degrade significantly the graphene 
sample, while high negative gate voltage caused an abrupt rising of the 
sample resistance. The discontinuity in the above curves is due to the 
delayed Li ion displacements during the time interval in the 
measurements. It is known that electro-chemical reaction may take place 
when gating with liquid electrolytes. And sometimes it may bring 
additional electro-chemical doping effect that enhances the gate tuning 
effect
 1,2
. We are investigating if similar electro-chemical doping also take 
places in the solid electrolyte gating process.  
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